Background: Regulation and function of ERK5 in adipose depots is not known. Results: Deletion of ERK5 in adipose depots increases adiposity and adipokine secretion. Reduced phosphorylation and potentiated NFATc4 nuclear localization are found. ERK5 also modulates PKA activation. Conclusion: ERK5 impinges on NFATc4 nucleo-cytoplasmic shuttling and modulates PKA activation in adipocytes. Significance: These results expand the repertoire of ERK5 physiological function and downstream targets.
Increased adiposity due to energy imbalance is a critical factor of the epidemic crisis of obesity and type II diabetes. In addition to the obvious role in energy storage, regulatory factors are secreted from adipose depots to control appetite and cellular homeostasis. Complex signaling cross-talks within adipocyte are also evident due to the metabolic and immune nature of adipose depots. Here, we uncover a role of extracellular signalregulated kinase 5 (ERK5) in adipocyte signaling. We find that deletion of ERK5 in adipose depots (adipo-ERK5 ؊/؊ ) increases adiposity, in part, due to increased food intake. Dysregulated secretion of adipokines, leptin resistance, and impaired glucose handling are also found in adipo-ERK5 ؊/؊ mice. Mechanistically, we show that ERK5 impinges on transcription factor NFATc4. Decreased phosphorylation at the conserved gatekeeping Ser residues and increased nuclear localization of NFATc4 are found in adipo-ERK5 ؊/؊ mice. We also find attenuated PKA activation in adipo-ERK5 ؊/؊ mice. In response to stimulation of ␤-adrenergic G-protein-coupled receptor, we find decreased NFATc4 phosphorylation and impaired PKA activation in adipo-ERK5 ؊/؊ mice. Reduced cAMP accumulation and increased phosphodiesterase activity are also found. Together, these results demonstrate integration of ERK5 with NFATc4 nucleo-cytoplasmic shuttling and PKA activation in adipocyte signaling.
Obesity correlates with the epidemic crisis of type II diabetes in the United States and in many other countries. Increased adiposity due to energy imbalance is a critical factor of obesity/ diabetes. Adipose tissue has been traditionally considered as the major fat and energy storage at the obese state. Recent advances have indicated that adipose depots are active endo-crine tissues and secret regulatory factors to control appetite and cellular homeostasis.
A variety of bioactive secretory proteins, including complements, growth factors, chemokines, and cytokines (generally termed as adipokines) are released from adipose tissue to regulate the growth and maintenance of adipose tissue (1) (2) (3) (4) . Adipokines are also required for the vascular homeostasis and inflammation through intercellular communications with stromal vascular cells and infiltrating monocytes/macrophages, respectively. Given the metabolic and immune nature of adipose depots, complex signaling cross-talks within adipocyte are also evident (5) (6) (7) (8) (9) (10) (11) (12) . These include sympathetic/parasympathetic activation of ␤-adrenergic signaling and immune signaling in response to metabolic dysregulations. Therefore, understanding of the signaling networks in adipocyte is important to combat obesity and its subsequent pathogenesis.
Mitogen-activated protein kinase (MAPK) is a group of Ser/ Thr protein kinases activated by mitogen and stress (13) (14) (15) (16) (17) (18) . The MAPK cascades regulate diverse physiological processes, including cell growth, proliferation, differentiation, and death. The MAPK cascade is composed of mitogen-activated protein kinase kinase kinase (MAP3K), which phosphorylates and activates mitogen-activated protein kinase kinase (MAP2K). MAP2K further phosphorylates and leads to activation of MAPK. Extracellular signal-regulated kinase 5 (ERK5) is a member of the MAPK family and is activated by upstream MAP2K MEK5, which is activated by MAP3K, MEKK2, or MEKK3 (16, 19 -21) . ERK5 is also known as BMK1 (big mitogen-activated protein kinase 1) because it is more than twice the size of other members of the MAPK family (22, 23) . The difference in size is, in part, due to the presence of a transcription activation domain in ERK5.
Little is known about the role of ERK5 in adipose tissues, in part, due to embryonic lethality of Erk5 Ϫ/Ϫ mice during development (24 -27) . Erk5 Ϫ/Ϫ embryo was found dead at around embryonic day 10.5 due to defects in angiogenesis and vascular formation. Endothelium-specific deletion of ERK5 led to vasculature deformation and embryonic lethality (27) , phenocopying the observations found in systemic Erk5 Ϫ/Ϫ embryos (24 -27) . Cardiomyocyte-specific Erk5 Ϫ/Ϫ mice, however, are fertile and exhibited normal heart development (19) . These data indicated that ERK5 in endothelial cells is the major contributor for the defects in vasculature and subsequent heart deformation found in systemic Erk5 Ϫ/Ϫ mice in utero.
Recent studies indicate that neuron-specific deletion of ERK5 (using Nestin-Cre) affected development of the olfactory bulb and impaired odor discrimination (28) . Furthermore, conditional deletion of ERK5 (using Nestin-CreER) altered adult neurogenesis (29) . Additional tissue-specific Erk5 Ϫ/Ϫ mice have also been generated, including hepatocyte-specific Erk5 Ϫ/Ϫ mice (using albumin-Cre), mammary epithelium-specific Erk5 Ϫ/Ϫ mice (using mouse mammary tumor virus (MMTV)-Cre), and T cell-specific Erk5 Ϫ/Ϫ mice (using CD4-or Vav-Cre) (19, 30) . Unfortunately and surprisingly, no obvious phenotype has been reported from these tissue-specific Erk5 Ϫ/Ϫ mice despite the wide tissue expression of ERK5. Hence, the physiological role of peripheral ERK5, except for its role in vasculature, remains elusive.
The lack of knowledge of physiological substrates of ERK5 further complicates our understanding of ERK5 function in vivo. Connexin 43, p90 RSK, and MEF2C can be phosphorylated by ERK5 (31) (32) (33) (34) . Phosphorylation of RSK by ERK5 may mediate a cross-talk for the role of ERK5 in NFB activation (35) (36) (37) . The ERK5-MEF2C axis may be important for the skeletal muscle cell differentiation and neurotrophin signaling (32, 38, 39) . The ERK5 signaling is also integrated into Akt (40) and PKA signaling (35, 41, 42) . In addition, ERK5 suppresses the expression of cyclin-dependent protein kinase inhibitors and regulates cell cycle re-entry (43) . Our recent findings that ERK5 regulates rephosphorylation of NFATc4 further expand the repertoire of physiological substrates of ERK5 (44) . We propose that ERK5 contributes to the rephosphorylation upon transcription termination of NFATc4.
The transcription factor NFAT family was first identified as an important regulator for IL-2 gene expression (45) . It was once hypothesized that NFAT function was restricted to the immune system. However, characterization of NFAT cDNAs indicates that NFAT is involved in numerous biological processes (reviewed in Refs. 46 -49) . We previously reported that Nfatc2 Ϫ/Ϫ Nfatc4 Ϫ/Ϫ mice are lean and resistant to diet-induced obesity via a non-cell-autonomous mechanism (50) . In analogous to its role in cytokine expression in immune cells, we have demonstrated that NFAT also regulates adipokine transcription (50) . The physiological relevance of ERK5 on NFAT or on other ERK5 targets in adipose depots is not known.
Here, we uncover a role of ERK5 in adipocyte signaling. We find that deletion of ERK5 in adipose depots increased adiposity, in part, due to increased food intake. Dysregulated secretion of adipokines, leptin resistance, and impaired glucose handling are also found in adipo-ERK5 Ϫ/Ϫ mice. Mechanistically, we show that ERK5 impinges on NFATc4. ERK5 also modulates PKA activation. Together, these results demonstrate integration of ERK5 with NFATc4 nucleo-cytoplasmic shuttling and PKA activation in adipocyte signaling.
EXPERIMENTAL PROCEDURES
Mice-Animal experiments were performed in accordance with guidelines of the Albert Einstein College of Medicine Institute of Animal Studies. Erk5 fl/fl mice and adiponectin-Cre transgenic mice were generated as described previously (40, 51) . Erk5 fl/fl mice were backcrossed with C57BL/6 mice at least 10 times before use. Deletion of ERK5 in adipose depots (adipo-ERK5 Ϫ/Ϫ ) was achieved by crossing Erk5 fl/fl mice and adiponectin-Cre transgenic mice. Control mice were either Erk ϩ/ϩ or Erk fl/fl/ϩ in the background of adiponectin-Cre. All adipo-ERK5 Ϫ/Ϫ and control mice were in the background of homozygous adiponectin-Cre to achieve sufficient deletion as described previously (51) . Eight-week-old mice were used for experiments except as indicated. Mice were fed ad libitum with regular chow (Research Diets, Inc.) except when fasted for experiments.
Reagents-Antibodies used were as follows: ERK5 (Upstate Biotechnology, 07-039), phospho-PKA substrate antibodies (Cell Signaling, 9621), hormone-sensitive lipase (Cell Signaling, 4107), phospho-hormone-sensitive lipase (Cell Signaling, 4126), NFATc4 (Santa Cruz Biotechnology, Inc., sc13036), phospho-NFATc4 (Santa Cruz Biotechnology, sc135770), STAT3 (Santa Cruz Biotechnology, sc482), and phospho-STAT3 (Santa Cruz Biotechnology, sc8059). Tubulin antibody (clone E7) was obtained from the monoclonal antibody facility at the University of Iowa. Glucose was measured from mouse tail vein using a glucometer (TrueTest System). Adipokine and insulin measurement was performed by using multiplex mouse adipokine assays and an insulin radioimmunoassay kit from Millipore and LINCO Research, respectively. ERK5-specific inhibitor BIX2189 was obtained from SelleckChem. Phosphodiesterase activity was determined by using the Bridge-It cAMP-PDE assay kits from Mediomics.
Cell Culture-Mouse embryonic fibroblasts (MEFs) 2 were prepared from embryonic day 13.5 embryos after trypsin digestion as described previously (50) . MEFs were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, 2 mM L-glutamine, penicillin (100 units/ml), and streptomycin (100 g/ml). Cells were harvested in Triton lysis buffer (20 mM Tris, pH 7.4, 134 mM NaCl, 2 mM EDTA, 25 mM ␤-glycerophosphate, 2 mM NaPP i , 10% glycerol, 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine, and 10 g/ml leupeptin). Fractionation of adipocytes from stromal vascular cells was performed as described previously (52) . Briefly, epididymal white adipose depots were collected, minced, and digested with collagenase (1.5 mg/ml) at 37°C for 1.5 h. After passage through a 100-m filter to remove undigested tissues, collected cells were centrifuged at 450 ϫ g for 5 min to prepare the stromal vascular fraction from the bottom sediment and adipocytes from the top floating layer.
Metabolic Tests-Adipo-ERK5 Ϫ/Ϫ and control male mice (8 weeks old) were fasted for 4 -6 h before intraperitoneal injection with a bolus of insulin (0.75 unit/kg) for insulin tolerance tests (50) . Serum glucose was measured from tail vein using a glucometer (TrueTest System) at 0, 15, 30, 45, 60, 90, and 120 min after the insulin injection. For glucose tolerance tests, mice were orally gavaged with a bolus of glucose solution (2.5 g/kg). Serum glucose from the tail vein was measured with a glucometer at 0, 15, 30, 45, 60, 90, and 120 min after the gavage. To determine oxygen consumption (VO 2 ), carbon dioxide production (VCO 2 ), energy expenditure, and locomotor activity, mice were individually housed and were allowed to acclimate to the respiratory chambers for 2 days before the gas exchange measurements began. Data on gas exchanges were recorded for 2-3 days. Indirect calorimetry was performed with a computercontrolled open circuit calorimetry system (Oxymax, Columbus Instruments) composed of eight respiratory chambers. Oxygen consumption, carbon dioxide production, energy expenditure, and locomotor activity were measured from a total of eight adipo-ERK5 Ϫ/Ϫ mice and eight control mice in two independent experiments. Body composition (adiposity and lean mass) of adipo-ERK5 Ϫ/Ϫ and control mice were determined by using NMR-MRI-based technology from EchoMRI. Hypothalamic stimulation by leptin in adipo-ERK5 Ϫ/Ϫ mice and control mice was carried out as described previously (53) . Briefly, overnight-fasted adipo-ERK5 Ϫ/Ϫ mice and control mice were injected with recombinant murine leptin (2 mg/kg) for 45 min before harvesting the hypothalamus to detect the levels of STAT3. The levels of phospho-STAT3 were determined by immunoprecipitation and immunoblotting.
␤-Adrenergic Receptor Activation-To determine ␤-adrenergic receptor/PKA activation ex vivo, epididymal adipose depots (white adipose tissues (WAT)) were harvested, minced, and challenged with CL316,243 (1 M) or isoproterenol (1 M) for the times indicated. Tissues were homogenized and extracted in Triton lysis buffer. Extracts prepared were subjected to immunoblotting analysis using phospho-PKA motif antibodies. Expression of tubulin in tissue extracts was used for normalization. Cyclic AMP was measured from minced adipose depots after isoproterenol stimulation (5 min) using a colorimetric enzyme immunoassay kit (Arbor Assays, K019).
Immunofluorescence Analysis and Immunohistochemistry-Paraffin-embedded sections of epididymal adipose depots from adipo-ERK5 Ϫ/Ϫ and control male mice were deparaffinized in xylene and rehydrated through a series of ethanol (100, 100, 95, 70, and 50%) and double-distilled water. Antigen retrieval was performed by heating the sections in a microwave oven in sodium citrate buffer (0.3% sodium citrate, 0.4% citric acid, pH 6.0). After rinsing in PBS, the sections were blocked in 5% goat serum for 30 min and incubated overnight with primary antibody at 4°C. The sections were washed three times in PBS and incubated with secondary antibody for 1 h. After washing in PBS three times, the sections were mounted with DAPIfluor mounting solution, and images were taken with a Leica AOBS SP2 confocal microscope with a ϫ63 objective lens. For immunoperoxidase staining, paraffin-embedded sections were deparaffinized in xylene and rehydrated with ethanol as described above. Sections were quenched in methanol containing 0.3% H 2 O 2 , rinsed with Tris-buffered saline (TBS), and blocked for 1 h in TBS containing 1% BSA, 5% serum, and 1% Triton-X-100. Sections were incubated with primary antibody (1:500) for 48 h at 4°C. After rinsing in TBS, sections were left in labeled polymer-HRP anti-rabbit secondary antibody (DAKO EnVisionϩ System-HRP-DAB) for 2 h at room temperature. After washing three times in TBS, sections were stained with DAB for 10 min. Remaining DAB solution was rinsed off with TBS, and sections were dehydrated with ethanol and examined using a Zeiss axiovert microscope with a ϫ20 objective lens.
Statistical Analysis-Data are shown as mean Ϯ S.E. Student's t test was performed, and values of p Ͻ 0.05 were considered to be significant.
RESULTS

Reduced Expression of ERK5 in Adipose Depots of Adipo-ERK5
Ϫ/Ϫ Mice-To investigate the role of ERK5 in adipocyte signaling, we deleted ERK5 in adipose tissues. Reduced expression of ERK5 in white adipose tissues was found in adipo-ERK5 Ϫ/Ϫ mice (Fig. 1A) . As expected, expression of ERK5 in heart, liver, and skeletal muscle was similar in control and adipo-ERK5 Ϫ/Ϫ mice (Fig. 1A) . Quantitative RT-PCR also showed significant reduction of ERK5 mRNA in white adipose tissues of the adipo-ERK5 Ϫ/Ϫ mice (Fig. 1B) . The remaining expression of ERK5 in adipose depots of the adipo-ERK5 Ϫ/Ϫ mice could be derived from non-adipocytes, such as endothelial cells and infiltrating immune cells.
To ascertain reduced expression of ERK5 in adipocytes of the adipo-ERK5 Ϫ/Ϫ mice, we performed immunochemistry to detect ERK5 (Fig. 1C ). Furthermore, we performed density centrifugation to separate adipocytes from stromal vascular cells and determined the levels of ERK5 expression by immunoblots ( Fig. 1D ). Immunohistochemistry revealed reduced expression of ERK5 in adipocytes of the adipo-ERK5 Ϫ/Ϫ mice (Fig. 1C ). Immunochemistry also showed the presence of infiltrating immune cells, which expressed high levels of ERK5, in the adipose depots of the adipo-ERK5 Ϫ/Ϫ mice (Fig. 1C ). In addition, we found reduced expression of ERK5 in the isolated adipocytes of the adipo-ERK5 Ϫ/Ϫ mice (Fig. 1D ). The levels of ERK5 in the stromal vascular fractions of the adipo-ERK5 Ϫ/Ϫ mice, however, were potentiated, supporting the presence of infiltrating immune cells in the adipose depots of the adipo-ERK5 Ϫ/Ϫ mice (Fig. 1C ). These data indicate reduced expression of ERK5 in adipocytes of the adipo-ERK5 Ϫ/Ϫ mice. The presence of infiltrating immune cells and crownlike morphology suggest inflammation and possible metabolic changes upon deletion of ERK5 in adipocytes.
Increased Adiposity in Adipo-ERK5 Ϫ/Ϫ Mice-To assess metabolic changes in adipo-ERK5 Ϫ/Ϫ mice, age-matched adipo-ERK5 Ϫ/Ϫ mice and control littermates were fed ad libitum with regular chow or a high fat diet for 20 weeks. Adipo-ERK5 Ϫ/Ϫ mice exhibited increase in body weight gain, as compared with control littermates, as early as 10 weeks old ( Fig. 2A ). Increase in body weight gain was more evident in adipo-ERK5 Ϫ/Ϫ mice fed with high fat diet ( Fig. 2B ). Increased body weight in adipo-ERK5 Ϫ/Ϫ mice was, in part, due to increased adipose content because the lean mass is indistinguishable in control and adipo-ERK5 Ϫ/Ϫ mice (Fig. 2C) . These data demonstrate that ERK5 plays a role in adipose tissues.
Altered Metabolic Parameters in Adipo-ERK5 Ϫ/Ϫ Mice-Next, we determined the metabolic rate of the adipo-ERK5 Ϫ/Ϫ mice and control littermates ( Fig. 3) . Neither oxygen consump-tion nor carbon dioxide production was markedly different between the adipo-ERK5 Ϫ/Ϫ and control mice (Fig. 3, A and B) . Hence, similar respiratory quotient and energy expenditure were found in adipo-ERK5 Ϫ/Ϫ and control mice ( Fig. 3, C-E) .
Food intake of the adipo-ERK5 Ϫ/Ϫ mice, however, was elevated as compared with the control littermates ( Fig. 3F ). Increased meal number was also found in the adipo-ERK5 Ϫ/Ϫ mice (Fig. 3G) . The meal size among the adipo-ERK5 Ϫ/Ϫ and control mice, however, was similar ( Fig. 3H ). We also observed increased locomotor activity in the adipo-ERK5 Ϫ/Ϫ mice (Fig.  3D) , especially in the dark phase (Fig. 3E ). Together, these data indicate that increased adiposity may be, in part, due to increased food intake of the adipo-ERK5 Ϫ/Ϫ mice.
Changes in Adipokine Levels in Adipo-ERK5 Ϫ/Ϫ Mice-Given the endocrine nature of adipose tissues, adipokines are released to control appetites and cellular homeostasis (1) (2) (3) (4) . Because the adipo-ERK5 Ϫ/Ϫ mice showed infiltration by immune cells (Fig. 1 ) and increased food intake ( Fig. 3) , we asked whether the level of adipokines was altered. At 20 weeks old, the serum level of leptin, adiponectin, and resistin was elevated in the adipo-ERK5 Ϫ/Ϫ mice (Fig. 4A ). Increased fasting levels of glucose and insulin were also found in the adipo-ERK5 Ϫ/Ϫ mice. Adipo-ERK5 Ϫ/Ϫ mice fed with a high fat diet further showed altered adipokine levels (Fig. 4A) . The level of inflammatory marker PAI-1, however, was also increased in the adipo-ERK5 Ϫ/Ϫ mice. Changes in the adipokine levels in the 20-week-old adipo-ERK5 Ϫ/Ϫ mice may be a consequence of the elevated inflammatory status.
To investigate whether ERK5 plays a role in adipokine regulation, we determined the adipokine levels of 12-week-old adipo-ERK5 Ϫ/Ϫ mice. At 12 weeks old, the level of PAI-1 in the adipo-ERK5 Ϫ/Ϫ and control mice was similar (Fig. 4B ). The level of insulin and resistin was also similar in the adipo-ERK5 Ϫ/Ϫ and control mice. Leptin and adiponectin levels, however, remained elevated in the 12-week-old adipo-ERK5 Ϫ/Ϫ mice. Adipo-ERK5 Ϫ/Ϫ mice also exhibited increased fasting glucose level at 12 weeks old. These data indicate that dysregulated leptin and adiponectin secretion are probably early changes to account for hyperglycemia in the adipo-ERK5 Ϫ/Ϫ mice. Dysregulated insulin and resistin, along with increased PAI-1 secretion, however, might be consequences due to hyperadiponectinemia and/or hyperleptinemia.
Impaired Glucose Handling and Reduced Insulin Sensitivity in Adipo-ERK5 Ϫ/Ϫ Mice-Increased level of fasting glucose suggested that glucose handling and insulin sensitivity might be compromised in the adipo-ERK5 Ϫ/Ϫ mice. We performed glucose tolerance tests and insulin tolerance tests to examine the glucose handling and insulin sensitivity, respectively, in the adipo-ERK5 Ϫ/Ϫ and control mice (Fig. 5) . Oral injection of a bolus of glucose to control mice increased serum glucose levels, which were declined and leveled off with time ( Fig. 5A ). In the adipo-ERK5 Ϫ/Ϫ mice, the level of glucose, however, remained elevated in the early phase (up to ϳ45 min) before reduction at a later time (Fig. 5A) . The area under the curve further supported significant changes between control and adipo-ERK5 Ϫ/Ϫ mice in glucose tolerance tests. These data indicate that adipo-ERK5 Ϫ/Ϫ mice exhibit impairment, especially in the early phase, in glucose handling.
In the insulin tolerance test, injection of a bolus of insulin reduced serum glucose levels in control mice as expected (Fig.  5B ). In the adipo-ERK5 Ϫ/Ϫ mice, insulin sensitivity was attenuated in the early time points (Fig. 5B) . At later times, the level of glucose in the adipo-ERK5 Ϫ/Ϫ and control mice was similar. The area under the curve further supported significant changes between control and adipo-ERK5 Ϫ/Ϫ mice in insulin tolerance tests. These data indicate that the adipo-ERK5 Ϫ/Ϫ mice show similar attenuation in the early phase of insulin sensitivity.
Leptin Resistance in Adipo-ERK5 Ϫ/Ϫ Mice-Impaired glucose handling and reduced insulin sensitivity (Fig. 5 ) corroborates with the increased body weight (Fig. 2 ) and the presence of infiltrating immune cells (Fig. 1) in the adipo-ERK5 Ϫ/Ϫ mice. Increased food intake (Fig. 3F) further suggests that the satiety signal of the adipo-ERK5 Ϫ/Ϫ mice is probably impaired, and this contributes to the metabolic dysregulations. The satiety signal is centrally controlled, in part, by the action of leptin in the hypothalamus (54 -57) . Adipocyte-derived leptin activates JAK2, which phosphorylates STAT3, in the hypothalamus to suppress feeding. Indeed, ablation of leptin or leptin receptor in mice leads to hyperphagia and obesity (58 -60) .
Hyperleptinemia and subsequent leptin resistance are well correlated with obesity and insulin insensitivity (54 -57) . Because the level of leptin in the adipo-ERK5 Ϫ/Ϫ mice is elevated ( Fig. 4) , we hypothesized that the adipo-ERK5 Ϫ/Ϫ mice may develop leptin resistance. To test this hypothesis, we examined STAT3 activation in the hypothalamus upon leptin stimulation. As expected, leptin stimulation led to a ϳ2-fold increase in STAT3 phosphorylation in the hypothalamus of the control mice ( Fig. 6 ). In the adipo-ERK5 Ϫ/Ϫ mice, even in the absence of leptin stimulation, the levels of STAT3 phosphorylation in the hypothalamus were increased ϳ2.5-fold as compared with untreated control (Fig. 6 ). Leptin stimulation, however, did not further significantly increase phosphorylation of STAT3 in the hypothalamus of the adipo-ERK5 Ϫ/Ϫ mice. These data indicate that hyperleptinemia and subsequent leptin resistance contribute to the obese phenotype and metabolic dysregulations in the adipo-ERK5 Ϫ/Ϫ mice.
Integration of ERK5 and NFATc4 in Adipocyte Signaling-Changes in adipokine expression in the adipo-ERK5 Ϫ/Ϫ mice suggested a role of ERK5 in adipocyte signaling. Previously, we showed that transcription factors NFATc2 and NFATc4 contribute to adipokine gene expression (50) . We also showed that ERK5 phosphorylates Ser 168 and Ser 170 of endogenous NFATc4 (44) . Phosphorylation of Ser 168 and Ser 170 on NFATc4 by ERK5 provides a priming effect for subsequent phosphorylation mediated by CK1␣ protein kinase. Similar conserved gatekeeping Ser residues are found in other NFAT members for the control NFAT subcellular distribution, which is opposed by the calcineurin phosphatase. Dysregulated phosphorylation and altered nucleo-cytoplasmic distribution of NFATc4 will affect adipokine expression in the adipo-ERK5 Ϫ/Ϫ mice.
Next, we tested whether phosphorylation of NFATc4 at Ser 168 and Ser 170 was affected in the adipo-ERK5 Ϫ/Ϫ mice using a phospho-specific antibody. Immunoblotting analyses showed phosphorylation of Ser 168 and Ser 170 of NFATc4 in control mice (Fig. 7A ). Decreased phosphorylation of NFATc4 at Ser 168 and Ser 170 , however, was found in the adipo-ERK5 Ϫ/Ϫ mice (Fig. 7A ). In addition, phosphorylation of NFATc4 at Ser 168 and Ser 170 upon stimulation of ␤-adrenergic receptors was also impaired in the adipo-ERK5 Ϫ/Ϫ mice (Fig. 7B) . These data indicate that ERK5 phosphorylates Ser 168 and Ser 170 of NFATc4.
Dephosphorylation promotes nuclear localization of NFAT. Next, we determined subcellular distribution of NFATc4 in adipo-ERK5 Ϫ/Ϫ and control mice. Confocal microscopy FEBRUARY 28, 2014 • VOLUME 289 • NUMBER 9 JOURNAL OF BIOLOGICAL CHEMISTRY 6315 showed that NFATc4 was mainly resided in the cytosol with little staining in the nucleus in control mice (Fig. 7C) . In adipo-ERK5 Ϫ/Ϫ mice, the presence of NFATc4 in the nucleus was evident (Fig. 7C) . These data indicate that ablation of ERK5 in adipose tissues reduced phosphorylation and promoted nuclear localization of NFATc4.
ERK5 in Adipocytes
Integration of ERK5 and PKA Activation in Adipocyte Signaling-We also examined whether ERK5 impinges on the PKA signaling axis, given the critical role of PKA in adipocyte functions (61, 62) . In addition, previous studies showed that ERK5 and cAMP-specific phosphodiesterase-4D (PDE4D) form a scaffolding complex with the PKA-anchoring protein mAKAP (41, 42) , which binds PKA. Phosphorylation of PDE4D by PKA activates whereas ERK5 kinase inhibits PDE4D activity. Similar to ERK5, ERK2 also phosphorylates and inhibits PDE4D (63, 64) . Dysregulation of PDEs would lead to aberrant turnover of cAMP, affect the duration and amplitude of PKA activation, and contribute to the role of ERK5 in adipocyte functions.
We found that the levels of phosphorylation of PKA substrates in adipo-ERK5 Ϫ/Ϫ mice were reduced as compared with control mice (Fig. 8A) . To further ascertain the cross-talk of ERK5 on the PKA signaling axis, we examined the activation of the ␤-adrenergic receptor pathway in isolated epididymal fat depots in adipo-ERK5 Ϫ/Ϫ and control mice. Ex vivo analysis on the isolated fat depots indicated that ␤-adrenergic receptor agonists, including isoproterenol ( Fig. 8B) and CL316,243 (Fig.  8C) , led to an increase in phosphorylation of PKA substrates.
Adipose depots isolated from the adipo-ERK5 Ϫ/Ϫ mice, however, showed attenuated phosphorylation of PKA substrates upon stimulation with ␤-adrenergic receptor agonists (Fig. 8, B and C). Similar reduction in phosphorylation of hormone-sensitive lipase by PKA was also found in the adipo-ERK5 Ϫ/Ϫ mice upon stimulation with isoproterenol ( Fig. 8B) . These data indicate that ERK5 impinges on the PKA signaling axis in adipose tissues.
We also examined the effect of ERK5 inhibition in activation of the ␤-adrenergic receptor pathway. Primary MEFs were pretreated or not with MEK5-specific inhibitor BIX2189 and then stimulation with isoproterenol (Fig. 8D) . The effect of ERK5 inhibition in activation of ␤-adrenergic receptor pathway was also examined in fibroblasts isolated from MEK5 null mice (Fig.  8E ). In the absence of MEK5, activation of ERK5 is impaired (65) . Similar to deletion of ERK5 in adipose depots, either chemical inhibition of MEK5 (Fig. 8D ) or deletion of MEK5 (Fig. 8E ) attenuated the level of phosphorylation of PKA substrates upon stimulation with isoproterenol. These data confirm that ERK5 regulates the PKA signaling axis.
Activation of PKA is mediated by second messenger cAMP (41, 66 -69) . We therefore determined the levels of cAMP upon stimulation with isoproterenol. Ex vivo analysis on the isolated fat depots indicated that isoproterenol led to an increase in cAMP (Fig. 8F) . Adipose depots isolated from the adipo-ERK5 Ϫ/Ϫ mice, however, showed reduced accumulation of cAMP (Fig. 8F) . These data indicate that ERK5 impinges on the PKA signaling axis in adipose tissues via controlling the levels of cAMP.
Given that ERK5 and PDE4D form a scaffolding complex with mAKAP and ERK5 inhibits PDE4D activity (41, 42) , we determined PDE activity from epididymal fat depots in adipo-ERK5 Ϫ/Ϫ and control mice (Fig. 8G) . Adipose depots isolated from the adipo-ERK5 Ϫ/Ϫ mice showed increased PDE activity as compared with control mice (Fig. 8G) . These data support a previous model in which ERK5 inhibits PDE activity and affects PKA function.
DISCUSSION
In this report, we demonstrate that ERK5 contributes to adipocyte signaling. Impaired adipocyte signaling in the adipo-ERK5 Ϫ/Ϫ mice may account for the dysregulated adipokine secretion. In particular, we find increased adiponectin secretion in the adipo-ERK5 Ϫ/Ϫ mice. In addition to adiponectin, we also find increased levels of leptin in the adipo-ERK5 Ϫ/Ϫ mice. Levels of resistin, another adipokine, are also elevated in the adipo-ERK5 Ϫ/Ϫ mice. Adiponectin regulates energy expenditure in peripheral tissues, such as muscle and liver (70) , whereas leptin plays a central role as a satiety signal (54) . Hyperleptinemia and subsequent leptin resistance, however, are well correlated with obesity and insulin insensitivity (54 -57) . Our recent findings also indicate that resistin causes hypothalamic leptin resistance. 3 In addition, hyperadiponectinemia correlates with dysregulated insulin signaling (71) (72) (73) (74) . Thus, increased levels of adipokines, including adiponectin, leptin, and resistin, and subsequent adiponectin dysregulation and/or leptin resistance could account for metabolic dysfunctions found in the adipo-ERK5 Ϫ/Ϫ mice. Indeed, we found that the adipo-ERK5 Ϫ/Ϫ mice showed leptin resistance (Fig. 6 ). Perhaps activation of AMP-activated protein kinase, a downstream effector of adiponectin receptors, is also dysregulated in the adipo-ERK5 Ϫ/Ϫ mice due to hyperadiponectinemia.
Increased secretion of leptin, resistin, and adiponectin in the adipo-ERK5 Ϫ/Ϫ mice may be due to the effect of ERK5 in regulating adipocyte growth and differentiation. ERK5 suppresses the expression of cyclin-dependent protein kinase inhibitors, such as p21 and p27 (43) . The loss of ERK5, therefore, delays cell cycle re-entry and may inadvertently promote cell differentiation. Notably, cell cycle arrest is a prerequisite for adipocyte differentiation (75, 76) . Hence, increased expression of leptin, resistin, and adiponectin in the adipo-ERK5 Ϫ/Ϫ mice may be a consequence of an increased number/mass of adipocytes due to aberrant differentiation.
Alternatively, ERK5 may impinge on transcription factors that control adipokine gene expression. Among the known ERK5 effectors, we previously showed that ERK5 opposes calcineurin-mediated NFATc4 nuclear localization (44) . In particular, ERK5 is an endogenous kinase regulating rephosphorylation of NFATc4. Indeed, the duration of nuclear NFATc4 is potentiated upon ablation of ERK5. In addition, NFAT plays a role in adiponectin, leptin, and resistin expression (11, 50) . In adipo-ERK5 Ϫ/Ϫ mice, we also observed decreased phosphorylation and increased nuclear localization of NFATc4. These data support the model that ERK5 modulates NFATc4 nucleo-cytoplasmic shuttling.
Once in the nucleus, NFAT interacts with distinct NFAT partners to positively and negatively regulate gene transcription. Indeed, NFAT interacts with Fos-Jun and plays an important role in cytokine gene expression in immune cells (77) . Analogously, we demonstrated that NFAT interacts with CCAAT/enhancer-binding protein and regulates adipokine gene expression in adipocytes (78) . NFAT can also form homodimers to mediate specific gene transcription (79, 80) . Formation of hetero-and homo-NFAT nuclear complexes with distinctive partners, along with the differential role of different NFAT kinases, provide multiple mechanisms to positively and negatively regulate gene transcription. Nonetheless, increased NFATc4 nuclear localization in adipo-ERK5 Ϫ/Ϫ mice will probably affect NFATc4-mediated gene expression. Perhaps nuclear NFATc4 contributes to the expression of adiponectin, resistin, and leptin in the adipo-ERK5 Ϫ/Ϫ mice.
In addition to NFATc4, we also show that ERK5 impinges on PKA activation. Our findings that ERK5 negatively regulates PKA activation are parallel to the previous models in which ERK2 phosphorylates and inhibits PDE4 (63, 64) . Previous studies showed that ERK2 phosphorylates Ser 579 of PDE4D3. An effect on PDE4D enzyme activity due to phosphorylationinduced conformational changes is one proposed mechanism (63, 64, 81) . Recently, we showed that PDE4D3 protein stability is phosphorylation-dependent (82) . We showed that Ser 616 and Ser 618 of PDE4D3 are phosphorylated by GSK3␤ and CK1␣, whereas dephosphorylation is carried out by calcineurin. Given that Ser 579 is located close to Ser 616 and Ser 618 , which we have identified as a critical phosphodegron for PDE4D3, it is tempting to speculate that phosphorylation at Ser 579 of PDE4D3 provides an additional means to control PDE4D3. Notably, phosphorylation at multiple sites has been shown to facilitate substrates) . B and C, WAT isolated from adipo-ERK5 Ϫ/Ϫ and control mice (n ϭ 3) were challenged with ␤-adrenergic receptor agonist isoproterenol (Iso; 1 M) (B) or CL316,243 (CL; 1 M) (C) for the times indicated. Tissue extracts prepared were used to determine activation of PKA by immunoblotting analysis using phospho-PKA motif antibodies (Phospho-PKA substrates). The effect of isoproterenol stimulation on phosphorylation of hormone-sensitive lipase (HSL) was also shown (B). D, primary embryonic fibroblasts (MEFs) were challenged with ␤-adrenergic receptor agonist isoproterenol (10 M) for the times indicated, in the absence (DMSO) and presence (BIX2189) of MEK5 inhibitor (BIX2189; 10 M). Activation of PKA was determined by using phospho-PKA motif antibodies (Phospho-PKA substrates). E, Mek5 ϩ/ϩ (Control) and Mek5 Ϫ/Ϫ fibroblasts were challenged with ␤-adrenergic receptor agonist isoproterenol (10 M) for the times indicated. Activation of PKA was determined by using phospho-PKA motif antibodies (Phospho-PKA substrates). F, WAT isolated from adipo-ERK5 Ϫ/Ϫ and control mice were challenged with isoproterenol (1 M) for 5 min. Levels of cAMP and protein concentration were determined by ELISA and colorimetric assays, respectively. Relative levels of cAMP production are shown (G). Tissue extracts from epididymal fat pads of 8-week-old adipo-ERK5 Ϫ/Ϫ and control mice were examined to determine the levels of phosphodiesterase activity. *, p Ͻ 0.05. Error bars, S.E. FEBRUARY 28, 2014 • VOLUME 289 • NUMBER 9 phospho-dependent degradation (83, 84) . Perhaps ERK phosphorylation coordinates subsequent GSK3␤/CK1␣ phosphorylation, including phosphorylation-induced conformational changes, and modulates PDE4D protein stability. This model is in parallel to the role of JNK MAPK in facilitating GSK3-mediated phospho-dependent degradation of Mcl-1. The priming action of ERK5 to facilitate subsequent phosphorylation mediated by CK1␣ has also been found in NFATc4 rephosphorylation (44) .
ERK5 in Adipocytes
The negative role of ERK5 in PDE4D regulation is also found when examining the mAKAP scaffolding complex (41, 42) . In this model, mAKAP functions as a scaffolding platform and recruits ERK5, PDE4D, PKA, and calcineurin to control cAMP signaling. The positive role of PKA in PDE4D regulation is opposed by ERK5 phosphorylation. ERK5, therefore, potentiates cAMP-mediated responses by inhibiting PDE4D. Alternatively, ERK5 provides a termination signal to nullify the activation of PDE4D by PKA. Nonetheless, our data support the model in which ERK5 impinges on PKA activation, possibly via modulating PDE4D function.
Our findings that ERK5 regulates NFATc4 nucleo-cytoplasmic shuttling and PKA activation, which are also integrated by calcineurin-mediated dephosphorylation, present an intriguing example of opposing actions of kinases and phosphatases (Fig.  9 ). The opposing actions of ERK5 and calcineurin control the duration of NFATc4 in the nucleus and provide a long term regulation via gene transcription. For PKA activation, current models indicate that the opposing actions of ERK5 and cal-cineurin regulate enzyme activity and protein stability, respectively. The ultimate effect of ERK5 and calcineurin will modulate the levels of second messenger cAMP, which controls a wide range of effectors (62, 69, 85) . These include cAMP-dependent protein kinase (PKA), cAMP-regulated guanine nucleotide exchange factors (Epac), and cAMP-gated ion channels. It is likely that additional substrates are co-regulated by ERK5 and calcineurin in similar opposing actions. Identification of these common substrates will provide new understanding of the physiological role of ERK5 and calcineurin.
In conclusion, we have uncovered interplays of ERK5 in adipocyte signaling. ERK5 impinges on NFATc4-mediated gene transcription, which may account for the changes in adipokine expression. ERK5 also regulates the cAMP signaling pathway by affecting PKA activation via PDE4D. Our data thus provide new physiological insights into the role of ERK5 and its downstream targets. FIGURE 9 . Opposing actions of ERK5 and calcineurin on NFATc4 and PDE4D. Conserved gate-keeping Ser residues are dephosphorylated by calcineurin phosphatase to promote nuclear localization of NFATc4. Nuclear NFATc4 then modulates gene transcription. Rephosphorylation of the conserved gate-keeping Ser residues of nuclear NFATc4 is carried out by ERK5. The opposing actions of ERK5 and calcineurin, therefore, regulate nucleocytoplasmic shuttling and subsequent NFATc4-mediated gene transcription. For PDE4D, dephosphorylation mediated by calcineurin stabilizes protein expression and increases cAMP hydrolysis. Hence, phospho-dependent degradation of PDE4D, which is triggered by GSK3␤/CK1␣ phosphorylation, is attenuated upon calcineurin activation. Hydrolyase activity of PDE4D, however, is inhibited by ERK5 phosphorylation and thus decreases cAMP hydrolysis. Therefore, cAMP-mediated responses are opposed by calcineurin and ERK5 by regulating protein stability and enzyme activity of PDE4D, respectively.
